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Abstract
January of 2010 brought record-breaking cold temperatures to Florida. Such
freeze events can upset vulnerable populations of marine life and other species that rely
on stable water temperatures. Sea turtles are one group of species that are particularly
susceptible to abrupt drops in water temperature. When water temperatures drop below
10°C, a mass hypothermic stunning, or cold-stunning, event for sea turtles can be
expected, with many debilitated turtles washing onshore with a very limited time window
to be rehabilitated (Foley et al. 2007). The species of sea turtle that appears to cold-stun
with the most frequency is the green turtle, especially juveniles. The green turtle
represented the vast majority of marine turtles that were rescued during the 2010 coldstun event.
Therefore, accurate weather pattern recognition of marine cold snaps, or freezes,
can alert sea turtle rescue groups and rehabilitation facilities in advance of any event,
improving their readiness and response times, and ultimately preventing population
declines. The proposed research fills this need by providing a qualitative analysis of
select years for comparable atmospheric processes that could result in moderate to severe
hypothermic stunning events. The 2010 event, along with other significant events, were
examined using in situ air temperature, water temperature and wind data near two
locations in Florida where hypothermic stunning events occurred: St. Joseph Bay and
Mosquito Lagoon. These atmospheric parameters were represented graphically, depicting
how each variable contributed to shaping an event.
viii

Cold stunning events were found to be primarily driven by frigid air temperatures
and a subsequent decrease in water temperatures. Differences between the two event
classifications, moderate and severe, are contingent upon the duration of the cold spell,
not necessarily how quickly the water temperature dropped below the 10°C threshold
value. Results suggest that repeated, quick exposure to cold air temperatures may
influence the severity of a hypothermic stunning event. This research could be utilized in
the formation of a forecasting model or strategy to efficiently alert the Florida Sea Turtle
Stranding and Salvage Network (STSSN) to a potential sharp drop in water temperatures
and, consequently, many debilitated sea turtles.
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Chapter 1:

Introduction

While uncommon, it is possible for severe cold spells to occur as far south as Florida.
During the 20th century there were over 50 significant freezes that impacted Florida
(Henry et al. 1994). While most freeze events only last one day, they can still inflict
serious damage to marine life that cannot tolerate cold temperatures. The loss of coral
and marine life to severe cold temperatures can have profound impacts on the ocean
environments that can take years to recover (Roberts et al. 1982). Sea turtles exhibit a
seasonal response to water temperatures, marked by a lowered metabolic state during
winter. Extremely low water temperatures (below 10°C) may result in a mass
hypothermic stunning, also known as cold-stunning, event for sea turtles (Schwartz
1978). The condition of thermal stress hypothermia in marine turtles causes a comatose
condition and can often result in death if left untreated. The outcome of a severe event is
many debilitated turtles washing onshore with a very limited time window to be
rehabilitated (Foley et al. 2007).
A great aid to the Florida Sea Turtle Stranding and Salvage Network (STSSN) would
be the ability to predict the specific winter weather patterns, which cause hypothermic
stunning events. Meteorologists can often agree on the mechanisms that can cause
freezing air to descend on Florida, although research has not attempted to analyze and
predict hypothermic stunning events for green turtles. Therefore, this research explored
the specific atmospheric and oceanographic parameters related to sea turtle cold stunning
events in Florida. Weather and water data such as air temperature, water temperature,
1

wind direction and speed were analyzed. The results were used to provide a baseline for
future forecasting strategies that will indicate when this type of weather pattern is
imminent. Such forecasting could better prepare rescue organizations and rehabilitation
facilities to respond to cold-stunned sea turtles.
1.1

Life History for the Green Sea Turtle (Chelonia mydas)

1.1.1

Description and Identification

Sea turtles are prehistoric reptiles whose ancestors lived during the time of the
dinosaurs. They evolved on land before making their way into the ocean over 100 million
years ago. By outliving the dinosaurs, sea turtles gained the distinction of the one of the
largest living reptiles (Lutz et al. 2003). The green turtle is one of seven species of sea
turtles that occupy the planet’s waters. The other six species include loggerhead,
leatherback, Kemp’s ridley, olive ridley, flatback, and hawksbill. While these species
share similar characteristics, each species is unique. The green turtle reaches the largest
size of any other hard-shelled turtle (Witherington et al. 2006). The color of its shell, or
carapace, varies from brown to an olive green, depending on the subspecies (Spotilla
2004). The green turtle carapace is made up of five central scutes, similar to scales, lined
by four separate pairs of lateral scutes. This species gets its name from the greenish color
of its body fat, not from outward appearance (Witherington et al. 2006). Its head color is
a greenish yellow with light brown patches. Unlike the other species of sea turtles, the
green turtle’s head is much smaller in relation to the rest of its body and has a pair of
prefrontal scales apparent on the dorsal view (Hirth 1997). Males and females are not
easily distinguished from each other except for the fact that males typically are larger
than females and have a longer tail (Hirth 1997, Spotilla 2004). Currently, scientists have
2

identified two separate groups of green turtles, the Atlantic and Eastern Pacific
populations.
1.1.2

Distribution and Abundance

Green turtles are famous for their long distance migrations from widely dispersed
feeding grounds in order to locate adequate nesting beaches for reproduction (Bouchard
and Bjorndal 2000). These beaches are primarily located in temperate and tropical
environments throughout the world (Bouchard and Bjorndal 2000). Green turtle in-water
distributions are wide-ranging and difficult to study synoptically (Lutz et al. 2003).
Green turtle are distributed worldwide, primarily in tropical and subtropical
waters. However, the green turtle, like all sea turtle species, are not randomly distributed.
Hirth (1997) discovered that green turtles will stay within locations that meet their
preferred sea surface temperature range and that these locations change depending on the
season. Nesting locations are scattered throughout the southern U.S. and the Caribbean.
Figure 1 indicates that a significant aggregation of green turtles is found along the coasts
of Florida, with Brevard and Broward County accommodating the greatest amount of
nesting activity (Witherington et al. 2006). Other important nesting locations include
Costa Rica, Mexico, Bermuda, Belize, Panama, Puerto Rico, and the southern coast of
South America (Table 1). Most of these locations are proximal to the green turtles
productive seagrass beds, their preferred food (Lagueux 2001). A recent study conducted
by Scott et al. (2012) that utilized green turtle satellite tracking data, revealed that green
turtles were present in substantial numbers in Marine Protected Areas (MPAs). MPA use
by nesting green turtles can provide valuable insight from a federal recovery standpoint
for this imperiled species (Hart et al. 2013). Nesting beach surveys can inform of
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population sizes and are widely used for these purposes (Meylan 1982). Nesting counts in
Florida have improved by the implementation of two complementary programs that
includes a broad geographic range and most of Florida’s beaches. However there are
multiple limitations to the nesting count surveys including inconsistency, fluctuations in
boundaries, and incompleteness in seasonal range (Witherington et al. 2009).

FIGURE 1. Distribution of green turtle nesting sites on Florida beaches. Solid lines
specify more than one nest/km/season. Dotted lines specify less than one nest/km/season
for the years 2001-2005. (Witherington et al. 2006)
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Table 1. Description of Major vs. Minor Green Turtle Nest Site Locations (Meylan et al.
1990, Spotilla 2004)
Location
Major or Minor

1.1.3

Andros Island, Bahamas

Minor

East Coast Florida

Major

Coastal
Chiapas, Mexico
Clipperton Island

Major
Minor

Canoa, Ecuador

Major

Costa Rica

Major

Suriname

Major

Hawaii

Major

Habitat

The habitat for post-hatchlings, once referred to as the ‘lost year’, was defined by
Carr (1987). Carr (1987) observed that sea turtles in the early developmental stage would
enter oceanic lines of drifting macroalgae (Sargassum spp.), and no longer have control
over their geographic displacement (Carr 1987). Carr (1987) also stated that they would
remain there for long periods of time. Surface-pelagic life stage is believed to exist
entirely within the surface oceanic waters (Witherington et al. 2012). Early juvenile green
turtles recruit from surface-pelagic environments to near shore, shallow water
environments, such as bays, estuaries, inlets, or lagoons (Lutz et al. 2003). Upon reaching
sexual maturity, a green turtle will migrate between foraging grounds and nesting habitats
(Hirth 1997, Makowski et al. 2006). A suitable marine habitat for a green turtle is
comprised of all their nutrition requirements, which require stable water temperature and
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adequate sunlight (Hirth 1997). Adult green turtles are frequent visitors to coral reef and
mangrove habitats (Hirth 1997). A habitat for nesting requires a much more specific list
of necessities. Minimal human encroachment is essential as well as a steep slope. Florida
beaches with coarse sand, foredunes, and high wave energy typically see the majority of
nesting green turtles (Witherington et al. 2006). Females will dig a deep nest cavity with
her rear flippers a substantial distance from the water line to avoid inundation (National
Marine Fisheries Service (NMFS) and US Fish and Wildlife Service (USFWS)
1991).This species does exhibit strong nest site fidelity and will often return to natal
beaches (Balazas and Chaloupka 2003) . However, as the human population moves closer
and closer to the shoreline, crucial nest sites are in jeopardy. Artificial light can disorient
hatchlings and beach projects can deter a female away from her chosen beach (Brock et
al. 2007). Many studies have been performed on the effects of beach nourishment on sea
turtle nest sites. Results from these studies demonstrate a reduction in reproductive output
for many species directly after beach nourishment projects and suggest that a nonnourished beach with a more natural profile is more favorable for nesting females (Brock
et al. 2007).
1.1.4

Home Range and Movements

The migration movements of the green turtle are very dependent on the life stage
of the individual (Carr 1987). While they are well-known for complex, extensive
migrations through geographically distinct habitats, green turtles do not migrate
continually (Hart et al. 2013; Witherington et al. 2006). They often exhibit fidelity to
certain features of their environment and will undergo extensive periods of residency
(Witherington et al. 2006). Telemetry data has shown that a juvenile green turtle will

6

make scheduled movements between diurnal foraging areas and nocturnal resting areas
(Mendonca 1983). In Mosquito Lagoon, juvenile green turtle home ranges were
discovered by Mendonca (1983) to be quite small, only moving within a range of 3 -10
km depending on the sea surface temperature.
Green turtles undertake extensive developmental migrations (Meylan et al. 2011).
As they continue to grow, green turtles will move among various foraging areas,
discovering where the seagrass and algae are the most productive (NMFS and USFWS
1991). Witherington et al. (2006) reported that the adult migrations between selected
foraging areas and natal nesting beaches are the most frequent long-distance migrations
made by the green turtle.
1.1.5

Reproduction and Recruitment

Research is consistently conducted on the subject of green turtle male and female
reproductive behaviors. More research has appeared in the literature on female
mechanisms than males. This is due to two reasons; 1) survival of reproductively active
females is important and 2) females are more easily encountered for study on the nesting
beach (Richardson 1999). Nest season will vary depending on the location. Typically, the
season begins in mid-summer and will last through late August to early September
(Spotilla 2004). In the southeastern United States, particularly Florida, June and July are
the most critical months where lights out is enforced on public beaches (Butler 1998).
Though all nesting beaches are of conservation importance, the east coast of Florida has
consistently shown the largest green turtle breeding assemblage in the United States
(NMFS and USFWS 1991).
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Yntema and Mrosovsky (1982) discovered that sexual differentiation in many
species of marine turtles is dependent on the predominant temperature during egg
incubation and that the effect of temperature is also permanent. If temperatures are below
a threshold value, the nest will be comprised mostly of males. Subsequently, if
temperature is above the threshold value, more females will be produced (NMFS and
USFWS 2007). It has proven difficult in the past to predict the pivotal temperature in
regards to number of each sex due to seasonal changes in temperature and year-to-year
variance (Yntema and Mrosovsky 1982).
1.1.6

Diet and Nutrition

The green turtle’s diet, like other marine turtle species, changes throughout its
long life. Surface pelagic juvenile green turtles will feed on aquatic insects, worms and
small crustaceans within drift habitats of the surface ocean (Carr 1987; Witherington et
a1. 2013). Neritic juveniles and adult green turtles rely on a diet rich in seagrass and
marine algae that can be found in shallow water bodies (Lutz et al. 2003; NMFS and
USFWS 1991). Foraging grounds are carefully selected and can often take many years to
locate. They were assumed up until recently to be only obligate herbivores (McKenzie et
al. 1999). Wide scale tagging efforts of juvenile and adult greens have revealed much
more than just their migrating patterns. Juvenile green turtles are known to be
omnivorous but will shift to a primarily herbivorous diet when they reach the age to
move to near-shore habitats (Hirth 1997). While surface pelagic, green turtles have been
observed feeding on invertebrates, such as jellyfish and sponges, much like other sea
turtle species like hawksbill and leatherbacks (Butler 1998, Lutz and Musick 1997). It is
likely that these invertebrates are under-represented when a sea turtles’ stomach content
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is observed as they are much more rapidly digested than sea grass (Blumenthal et al.
2009).
1.1.7

Survival and Mortality

Sea turtles are one of the world’s longest-lived reptiles. They have survived for
over 100 million years and have had to develop a variety of adaptation strategies (Butler
1998). While there are still quite a few gaps in the research on green turtle developmental
biology, it is known that green turtles take longer to mature than any other sea turtle
species (Lagueux 2001). This time length is approximated between 25 and 50 years
(Lagueux 2001). Green turtles grow very slowly, taking approximately 17 years to grow
35 centimeters but have one of the longest lifespans of any vertebrate with the potential
to live up to 80 years of age (Bjorndal and Bolten 1988, Wilbur et al. 1974).
1.1.8

Threats

Many species, including crabs and sea gulls, heavily prey on hatchlings (Fowler
1979). The harvest of sea turtle nests is also an ongoing problem on some critical beaches
and is partially responsible for population declines in the past (Bugoni et al. 2001). The
green turtle and the other sea turtle species have evolved to produce large clutch sizes per
season as the mortality rate among juveniles is very high and only a small percentage
survives to adulthood (Butler 1998).
The three primary hazards they face in their nesting environment are beach
erosion, artificial lighting and beach nourishment projects. Green turtles heavily rely on
healthy beaches with native vegetation that are free of human impacts such as armoring
structures. Erosion of suitable nesting sites is becoming more and more problematic with
the potential impacts of sea level rise (NMFS and USFWS 1991). Increasing
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development near the coastline has only exacerbated erosion rates. The results of
artificial lighting on beaches can be fatal to green turtle hatchlings (Witherington 1992).
Streetlights, building and vehicle lights can cause disorientation and expose newborn
turtles to even more predators than under normal circumstances. Artificial lighting on
beaches will also deter adult female green turtles from coming onshore to nest
(Witherington 1992). This problem is profound in the southeastern United States. Beach
nourishment projects have a direct negative impact to sea turtles by either disturbing or
burying nests. Nest site selection can also be affected by these projects (Brock et al.
2007).
The biggest threats to their marine environment are pollution, fisheries by-catch
and entanglement (Bugoni et al. 2001). As the human population expands closer to the
shoreline, industrial and residential waste will often be deposited into the oceans. Green
turtles thrive in shallow water bodies and depend on clean water for their food
production. While the effects of pollution are difficult to assess, it is clear that pesticides
and garbage can disrupt sea turtle behavior in more ways than one (Lutz and Musick
1997). Commercial fisheries, especially shrimp trawling, cause extensive damage to the
marine turtle population. Incidental capture is responsible for the vast majority of
juvenile green turtle mortalities (Butler 1998). In recent years, trawlers have expanded
the size of their nets to capture other species besides shrimp. A consequence of this is
young adult marine turtles will be captured along with juveniles. Both stages, juvenile
and young adult, are vital for the recovery and stability of the green turtle population
(NMFS and USFWS 1991). Green turtles are often affected by many forms of marine
debris. Floating fishing gear may be mistaken as a food source and will result in
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entanglement. Netting and monofilament lines were discovered to the primary means of
entanglement for this species as green turtles can often be found foraging around reefs
(Gilman et al. 2006). Once a sea turtle becomes entangled, it will most often drown
unless rescued (NMFS and USFWS 1991).
1.1.9

Conservation and Management

The green turtle is listed as an endangered species in the US as well as
internationally by the International Union for the Conservation of Nature (IUCN). The
US Endangered Species Act places this species on the threatened list with two breeding
populations in Florida and the Pacific coast of Mexico listed as endangered (NMFS and
USFWS 1991). In the past one hundred years, global green turtle population numbers
have decreased between 48% and 67%, emphasizing the negative anthropogenic impacts
on this species (Seminoff 2004).
The conservation and management of this species has faced numerous challenges.
Ehrenfeld (1982) suggests that this difficulty stems from limiting factors such as long
migration across international borders, variable length of nesting cycles, and long
maturation time. Threats to both their nesting and marine environment have elevated the
green turtle to a cause of concern in the near future. The identification and protection of
nesting beaches as well as near-shore habitats is an integral component of conservation
and management strategies (NMFS and USFWS 2007; Figure 2). Such efforts have the
highest potential for success and are not limited by the biology of the species (Ehrenfeld
1982).
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FIGURE 2. Low, medium and high conservation priorities for sea turtles (Reprinted
from Bjorndal (1982) with permission of Smithsonian Institution)
Conservation efforts have focused on nest protection. If a nesting location is
observed as critical for green turtles it can be set aside as a sanctuary by law or official
regulation (Ehrenfeld 1982). It is often difficult to minimize or remove beach armoring
structures in order to maximize habitat protection (Witherington et al. 2009). Local
governments are attempting to move closer to ‘living shorelines’ and outlaw armoring A
living shoreline uses natural ingredients such as native vegetation and biodegradable
components for erosion control and can create suitable habitat for a variety of species
(Ray-Culp 2007). If beach nourishment projects are scheduled, conservation agencies
make sure to move nests prior to the date of new sand deposition or eliminate
nourishment projects during nesting seasons (Witherington et al. 2009).
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The southeastern U.S. in particular is known for its high rate of disoriented
hatchlings (Butler 1998). Many beach front communities have made a great deal of
progress in ‘lights out’ initiatives (Witherington 1992). Property owners and the public
are made aware of the start of nesting season and asked to remove all forms of artificial
lighting at night. Florida has enacted lighting ordinances on many of its beaches due to
the states importance for nesting habitat (Witherington 1992). The biggest effort to
protect green turtles in their marine environment came in the form of turtle excluder
devices (TED). After research proved that fisheries by-catch was causing population
decline, various net designs that would allow turtles to escape were created (Crowder et
al. 1994). The TED design was the most successful and six types have been developed
since the original idea. The TED is a cage-like apparatus that is placed inside the trawl
with an opening at either the top or bottom of the net (Crowder et al. 1994). It has been
redesigned many times to allow for larger marine turtle that come across trawl nets.
Gradually, many states have implemented TEDs and made them a requirement for
bottom trawl fisheries (Crowder et al. 1994).
Understanding the green turtle in terms of biology and behavior will greatly assist
in conservation and protection. By tagging individuals prior to release, sea turtle
biologists can gain insight into their migration patterns and what areas should be
preserved for the continued well-being of the species. Educating the public is an easy
method of facilitating good management. By posting signs, creating bumper stickers and
decals, and building children’s activities, the general public can learn about marine turtles
and how they can help in their survival.
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1.2

Effect of Winter Weather Conditions on Marine Sea Turtles
In most situations, sea turtles have the capability to migrate out of shallow areas

when the water temperatures become too cold (Lutz and Musick 1997). Hypothermic
stunning events that immobilize large numbers of sea turtles are rare in certain locations
but can occur unexpectedly. The two shallow water areas in Florida where hypothermic
stunning events occur most frequently are St. Joseph Bay, within the northeastern Gulf of
Mexico, and Mosquito Lagoon on the central Atlantic coast (Witherington and Ehrhart
1989). The species of sea turtle that appears to cold stun with the most frequency is the
green turtle, specifically juveniles (Witherington and Ehrhart 1989). Foley et al. (2007)
classified hypothermic stunning events in the US as either acute or chronic (Figure 3).
Events that are classified as acute, those that can occur in Florida where there are high
aggregations of sea turtles, are typically short-lived and will occur during abnormally
cold winters. Acute events typically have low mortality rates. Conversely, chronic cold
stunning events will occur every winter, are long lasting, and produce high mortality
rates. These events are documented in locations where sea turtles are only seasonal
residents, such as Long Island Sound, NY (Foley et al. 2007).
The threshold temperature for marine turtles to cold-stun was discovered to be around
10°C (Schwartz 1978). When the water temperature drops below the 10°C threshold, the
animal becomes lethargic and disoriented (Witherington and Ehrhart 1989). Hypothermia
in sea turtles leads to a “disruption in metabolic pathways and an imbalance in blood
chemistry” (Foley et al. 2007). Cold-stunned sea turtles may be observed floating at the
surface or washed ashore.
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FIGURE 3. A comparison of acute and chronic sea turtle cold-stunning events in the U.S. (Foley et al. 2007).
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These events usually have low mortality rates when animals are quickly rescued
and rehabilitated. Due to a very specific set of atmospheric parameters necessary to
produce a cold snap that could cause a hypothermic stunning event, both acute and
chronic events are typically confined to small, distinct areas (Foley et al. 2207;
Witherington and Ehrhart 1989).
Schwartz (1978) was among the first to define sea turtle survival rates in critically
low water temperatures. Using a controlled setting where three species of sea turtles were
exposed to frigid temperatures, he defined a condition he called the floater stage in which
a sea turtle’s carapace was exposed at the surface and the animal was no longer able to
dive efficiently. In this stage, sea turtles also experience labored breathing and difficulty
swimming or balancing (Schwartz 1978). For green turtles in particular, the floating stage
occurred at 9°C with symptoms of cold-stunning such as lethargy present at 10°C.
Temperatures between 5 and 6°C were recorded as lethal for green turtles (Schwartz
1978). Schwartz (1978) also noted very little difference in terms of mortality rates
between acute and chronic cold-stunning events, stating that a slower lowering of water
temperature would kill just as rapidly as an abrupt or prolonged cold snap.
1.2.1

Winter Freezes in Florida

While rare, particularly farther south in Florida, significant freezes can have a
major impact on living organisms. Freezes have even been severe enough during
particularly harsh winters to cause extensive damage to citrus and other crops, coral reefs,
and marine life. Table two shows that, from the late 1800s through the 1900s, many
significant freeze events have impacted Florida with some being more influential than
others (Henry et al. 1994). These freeze events may only last one day yet still inflict
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serious damage. Many factors contribute to a cold snap including air temperature, wind
speed, solar radiation, pressure, and cloud cover. The passing of a cold front can bring
freezing air temperatures, which creates a drop in water temperatures since the
atmosphere and ocean are intimately related. Seawater temperatures in shallow bays and
inlets can rapidly plummet below the lethal limit for many marine organisms during
prolonged periods of extreme cold weather (Colella et al. 2012).
TABLE 2. Significant Florida Impact Freezes (Henry et al. 2004)
Freeze Event
December 1894
February 1899
December 1934
January 1940
December 1962
January 1977
January 1981
January 1982
December 1983
January 1985
December 1989
January 1997

Tallahassee
(°C)
-9
-18
-6
-9
-6
-8
-13
-10
-10
-14
-10
-7

Avon Park
(°C)
-4
NA
-6
-3
-4
-6
-7
-7
-5
-6
-6
-4

Fort Myers
(°C)
-2
NA
-1
-1
-2
-1
-2
-1
.5
-1
-2
NA

What defines a winter cold snap is how quickly the air temperature drops and how
low it drops (Roberts et al. 1982). For this research, the terms freeze and cold snap are
used interchangeably. In Florida, there are two main methods by which temperatures fall
below freezing: advection freezes and radiational freezes. These processes are complex
and multi-dimensional. Charles Paxton, the Science and Operations Officer at the
National Weather Service in Ruskin, FL provided the following overview of significant
Florida freeze scenarios. Under high pressure, a nearly stationary and much colder than
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normal air mass develops in winter darkness of an Arctic source region. This cold air
typically comes from regions such as Canada or Siberia, as steering currents amplify and
become favorable to transport the frigid air mass southward into the United States
(personal communication, Charles Paxton, March 2012). This transport of Arctic air into
the state is known as an advection freeze and may persist under strong northerly surface
winds for several days. Larger winter storms associated with low pressure typically
developing near the land and ocean interface may also rapidly advect cold air into Florida
(Winsberg et al. 2003). The clash of continental and maritime air masses is the primary
means that winter storms obtain their energy (Hidore et al. 2010). Surface wind speeds
may reach 40 miles per hour during the initiation of advection freezes (Roberts et al.
1982). The two jet streams that have the most impact on Florida are the polar and the
subtropical. The polar front jet, which changes position depending on the season, is
responsible for guiding cold air masses into Florida as the typical, west to east orientation
dips south in the winter. When this wavy pattern occurs, a colder period can be expected
in Florida. If the dip is very pronounced and associated with a frigid air mass, cities as far
south as Miami may have freezing conditions. To the south, the subtropical jet stream
may work in tandem with the polar jet to bring cold air masses into Florida but does not
undulate as much as the polar front jet (Henry et al. 1994). Therefore, the subtropical jet
has less influence on a winter cold snap in Florida. Often times when the most frigid of
cold snaps occur it is because the two mechanisms of freezes are acting in tandem. The
southward displacement of a cold air mass can occur very swiftly and can reach Florida
over a period of several days (Mogil and Seaman 2008). If the United States has already
experienced a snow-covered winter that air mass movement can occur on a faster
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timescale but, more importantly, the air mass will warm less over the snow-covered area.
Northwestern Florida receives the full impact of the cold air displacement before it
descends to the rest of the state (NOAA Weatherwise 2010).
As the advected cold air settles over the state and winds lessen, heat gained during
the day will be radiated at night leading to subsequent “radiation freezes”. The radiation
freezes may be affected by areas of moisture; typically in the form of clouds. Clouds will
act as a barrier to radiational cooling and keep temperatures warmer (Henry et al. 1994).
Temperatures near the ground that are just above freezing may produce a frost that kills
vegetation.
1.2.2

Winter Cold Snap of 2010

A severe cold snap in the winter of 2010 had damaging results across the U.S.
Florida, in particular, experienced record-breaking cold temperatures not seen for many
decades. However, the most remarkable characteristic of this winter was not its record
low temperatures but its unusual duration. Much of central and northern Florida
experienced below freezing temperatures for 12 days and inshore water temperatures
dropped below 10°C for ten consecutive days (Foley et al. 2012). This rare climatic
episode was associated with negative values of the North Atlantic Oscillation (NAO)
index that created rapid southward advection of cold arctic air and northerly surface wind
anomalies (Lirman et al. 2011). Similar low NAO anomaly values, around -4, were seen
in other years with harsh winters as well.
In a statement released by the National Weather Service of Miami, meteorologists
observed “a blocking pattern in the middle and upper levels of the atmosphere allowed
for a continued flow of arctic air to sweep across the eastern half of the country” (NWS
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2010, Figure 4). The first cold wave did not arrive until early January when two arctic
cold fronts moved into Florida. Multiple daily low temperature records were broken
and/or tied during this event (NWS 2010). Areas such as Gainesville and Apalachicola
experienced air temperatures below -3°C. Frozen precipitation was seen across central
Florida around the third week in January (NOAA Weatherwise 2010). A record in Florida
was set for the number of successive freezes in a single month, an event that has not
occurred in the state since the 1960s. Tallahassee recorded 14 freezes in January alone
(NOAA Weatherwise 2010). This record cold event took a huge toll on the crops and
tropical plants of Florida. Over $500 million was lost in crop damage (NWS 2010). May
coral reef systems in Florida were also heavily impacted as many tropical reef taxa were
exposed to water temperatures well below their reported thresholds of 16°C, resulting in
rapid coral declines of unprecedented severity (Lirman et al. 2011; Colella et al. 2012).
For the Florida Reef Tract (FRT), the winter of 2010 was one of the most destructive on
record and long term impacts will likely take years to fully ascertain (Lirman et al. 2011).
These conditions persisted into a chaotic February. Charles Paxton commented that storm
systems were carried by an active subtropical jet stream all across the country (personal
communication, March 15, 2012). On February 12, 2010, a news report released from
New York was entitled “Color America White.” On this day, 49 of 50 states had snow on
the ground. Hawaii was the only state that managed to avoid the rare and intriguing
winter of 2010 (NY Daily News 2010).
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FIGURE 4. Mean geopotential height plot of U.S. for January 1-10, 2010. Map depicts
mean 500 millibar (mb) heights. “Deep low pressure over NE U.S. and high pressure
over the western U.S. provided a steady NW steering flow over the central and eastern
U.S., including Florida” (NWS 2010).
1.2.3

2010 Cold Stun Event

The severe weather conditions in January of 2010 caused an unprecedented coldstunning event in Florida. During the first two weeks of this month, approximately 5000
sea turtles, primarily juvenile greens, cold-stunned and stranded (Avens et al. 2012). This
is a magnitude ten times greater than the last hypothermic stunning event of 2001, where
over 400 sea turtles were found in St. Joseph Bay (Foley et al. 2007). The majority of
individual turtles represented in the 2001 event were neritic juvenile green turtles (Foley
et al. 2007). Green turtles comprised about 95% of the species represented in the 2010
event. Loggerheads, Kemp’s ridleys, and hawksbills were also found (Foley et al. 2012).
St. Joseph Bay in the Florida panhandle was the focus of this mass stunning event. While
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cold stun events have previously occurred here in the past, none have reached the
magnitude of 2010 (Belskis et al. 2012). Mosquito Lagoon on the Atlantic coast also
experienced an extensive duration of cold-water temperatures and over 2000 marine
turtles cold-stunned in this area (Provancha et al. 2012).
The severity of the 2010 event can be directly related to the minimum water
temperatures recorded in St. Joseph Bay and Mosquito Lagoon as well as the length of
the event and exposure times. Most cold stunned turtles, approximately 83%, were still
alive when rescued and required immediate rehabilitation (Foley et al. 2012). The Florida
Sea Turtle Stranding and Salvage Network responded immediately, but the number of
cold stunned turtles exceeded available space in nearby primary sea turtle rehabilitation
facilities. The animals were sent to rehabilitation centers all across the state, where room
was available to effectively care for them. The majority of sea turtles rescued that winter
were later released, resulting in only a 22% mortality rate for Mosquito Lagoon and 20%
mortality rate for St. Joseph Bay for this hypothermic stunning event (Avens et al. 2012;
Provancha et al. 2012).
Florida’s Sea Turtle Stranding and Salvage Network (STSSN) participants did not
anticipate the large number of debilitated turtles placed in their care. Further
complicating planning and response, was the uncertainty surrounding the time that water
temperatures would remain below 10 degrees. Because of this concern, many turtles were
released further south from the location they were found. The STSSN selected these
release locations with warmer waters by examining sea surface temperatures and distance
from the shore (Provancha et al. 2012). Robert Hardy, a biological scientist at the Florida
Fish and Wildlife Research Institute (FWRI), states that it is rarely advisable to relocate
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individuals; however it was necessary due to the fact that primary rehabilitation facilities
were at capacity and turtles were continuing to cold-stun in St. Joseph Bay and Mosquito
Lagoon (personal communication, October 2013). While this event did provide valuable
insight from an ecological and population perspective, climate constraints and the lifethreatening condition of most turtles did not allow for a wide array of sampling
possibilities typical of most sea turtle research projects (Provancha et al. 2012).
1.3

Problem Statement
The cold snap of January 2010 resulted in unparalleled frigid temperatures all

across the country. As the cold air invaded Florida, water temperatures plunged below the
tolerable limit for many marine organisms, particularly sea turtles. A water temperature
value of 10°C was declared as the threshold for the green turtle to exhibit symptoms of
thermal stress hypothermia, or cold stunning. A severe cold-stun event can result in a
mass stranding event, during which incapacitated turtles float at the surface or wash up
onshore, dependent on sea turtle rescue groups for rehabilitation. This condition, if left
untreated, can be fatal.
The purpose of this study is to analyze synoptic weather patterns associated with
documented cold-stunning events that caused extensive chaos to the green turtle
population of Florida and the agencies designated to respond to stranded sea turtles. By
highlighting specific atmospheric patterns and processes associated with past events,
rescue groups and rehabilitation facilities can recognize the potential onset of a future
event and increase their preparedness. The mass hypothermic stunning event of 2010
received substantial media attention although research has not yet attempted to define the
incident meteorologically. The proposed research fills this need by examining air
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temperature, water temperature and wind data in two locations in Florida during the
duration of selected cold-stun event years.
Substantial problems exist in terms of data availability (discussed further in
section 5.1). Consistent water temperature data for both study sites was unavailable prior
to 2004. Inferences were be made in regard to water temperature by analyzing air
temperature and wind speed for selected years preceding 2004. In addition, a buoy
associated with the accessible National Data Buoy Center (NDBC) has not been deployed
in St. Joseph Bay, although there is considerable need for one. Therefore, all atmospheric
data was obtained from nearby a site Apalachicola, which is most representative of the
sea surface temperature of St. Joseph Bay.
1.4

Objectives and Research Questions
The objectives of this study are listed as follows:
1. Prepare an observed hypothermic stunning event data set of dates, species and
location obtained from the Florida Fish and Wildlife Research Institute reports
for all available years
2. Analyze the weather patterns and water conditions of the two locations in
Florida (St. Joseph Bay and Mosquito Lagoon)
3. Graphically depict atmospheric parameters (air temperature, water
temperature, wind speed and wind direction) for January 2010 and other
notable events along with sea turtle cold-stun numbers for selected years
4. Communicate and seek feedback on the results from FWC, Mote Marine and
NWS and contribute to the future development of a predictive model to
forecast sea turtle cold-stunning events
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The results of this study addressed the following questions:
1. How do weather patterns evolve over the northern hemisphere during a
hypothermic stunning event?
2. What is the phase of the Arctic Oscillation and North Atlantic Oscillation
associated with observed hypothermic stunning events?
3. What is the evolution of the cold air mass that creates the event?
4. What are the air and water temperature trends observed during hypothermic
stunning events?
5. What are the wind direction and speed trends observed during a hypothermic
stunning event?
6. Can a determination be made with respect to differences in the meteorological
progression of what is categorized as a low, moderate and high hypothermic
stunning events?
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Chapter 2:
2.1

Methodology
Study Area

The two locations in Florida that were analyzed for this study are St. Joseph Bay
on the Gulf coast and Mosquito Lagoon on the Atlantic coast (Figure 5).

FIGURE 5. Location of two study areas: St. Joseph Bay and Mosquito Lagoon, Florida
(Google Earth Imagery)
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FIGURE 6. Magnified images of St. Joseph Bay and Mosquito Lagoon, Florida (Google
Earth Imagery)
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The food-rich habitats of St. Joseph Bay and Mosquito Lagoon are critical for
green turtle developmental stages (Still et al. 2005). Both these locations contain
extensive seagrass beds and are therefore visited frequently by many sea turtle species.
Cold stun events have occurred in these two areas due to their unique topography and
configuration (Witherington and Ehrhart 1989). They are shallow water environments
with an average depth of only 1.5 meters with no readily accessible exit. In Mosquito
Lagoon and St. Joseph Bay, the only exit is to the north (Figure 6). A large hook of land
surrounds St. Joseph Bay and the only opening to the Gulf of Mexico is located to the far
northwest (Belskis et al. 2012; Figure 6). Ponce Inlet and Haulover Canal are the only
exits in Mosquito Lagoon. These waters cool quite rapidly when exposed to a cold front.
It is likely that the animals become trapped when attempting to travel south when water
temperatures drop below their tolerable limit of 10°C (Foley et al. 2007). The marine
turtle research team at the Fish and Wildlife Research Institute (FWRI) in St. Petersburg
has divided St. Joseph Bay into search areas for minor, moderate or severe events since
the 2010 cold-stun event (Figure 7). Currently, St. Joseph Bay and Mosquito Lagoon are
granted some level of environmental protection by way of establishment of state parks or
national wildlife refuge by the EPA. However, sea grass beds in both locations have
accrued severe damage by human activity, primarily boat propellers (Foley et al. 2007).
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FIGURE 7. Detailed map of cold stun sea turtle search areas in St. Joseph Bay, FL study
area (FWC_FWRI Marine Turtle Research)
2.2

Data

2.2.1

Sea Turtle Data

A data set was obtained from the Florida Fish and Wildlife Research Institute
(FWRI) in St. Petersburg, FL on the January 2010 mass hypothermic stunning event as
well as significant past events. This data is divided into east coast and west coast
strandings and contains the following information: date, species and general location. The
2010 cold stunning event is the only one considered in this study for Mosquito Lagoon
(east coast set) while events for St. Joseph Bay (west coast set) are documented back to
2001. As there is no way of approximating the number of individual turtles within each
location prior to a cold stunning event, this data was used with the resulting atmospheric
data to compare and contrast the years designated as low, moderate, or severe (high) cold
stunning events (Table 3). These categories were chosen arbitrarily as it was the most
feasible and inclusive way of analyzing the data. A severe or high magnitude event was
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categorized as such if over 200 marine turtles are documented as cold stunned. If 30-200
turtles are documented, it was categorized as a moderate event and fewer than 30 turtles
was designated as a low event. Sea turtle cold stun records are inconsistent for Florida
due to the fact that the numbers are dependent on the resources and personnel available
during a rescue initiative.
TABLE 3. Date and corresponding magnitude event for St. Joseph Bay, Florida
(FWC_FWRI Marine Turtle Research)
Date

2.2.2

Magnitude

January 1-12, 2001
January 25-27, 2003
January 11, 2004

High
Moderate
Low

December 29, 2005
January 3-23, 2008
January 21-22, 2009

Low
Moderate
Low

January 7-14, 2010

High

January 14-16 and 22-29, 2011

Low

Atmospheric Data

In order to provide the most comprehensive assessment of the parameters
associated with a hypothermic stunning event in Florida, atmospheric data was obtained
through many different sources. Water temperature data for Mosquito Lagoon were
acquired from the U.S. Geological Survey (USGS) Haulover Canal Station. A
thermometer at this site records temperature every 15 minutes and is available from 2004
to present (Figure 8). Air temperature and wind data, both direction and speed, for
Mosquito Lagoon were acquired through a NDBC buoy near Cape Canaveral, with
historical data available from 2006-2012 (Figure 9).
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FIGURE 8. Location of Haulover Canal in relation to Mosquito Lagoon, Florida.
(http://www.law.cornell.edu/cfr/text/50/17.108)

FIGURE 9. Location of Cape Canaveral in relation to Mosquito Lagoon, Florida
(Google Earth Imagery)
Acquiring atmospheric data pertaining to St. Joseph Bay proved challenging. The
NDBC has yet to deploy a buoy in or adjacent to the bay. Apalachicola is approximately
30 miles east of Port St. Joseph and contains a buoy situated in a shallow environment.
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As the landscape and configuration is similar to St. Joseph Bay, the Apalachicola buoy
was utilized to represent the bay for this study (Figure 10). This site records air
temperature, water temperature and wind parameters every six minutes and contains
historical data back to 2005. As several hypothermic stunning events were documented in
St. Joseph Bay prior to 2005, weather data was obtained from Cape San Blas, a peninsula
separating St. Joseph Bay and the Gulf of Mexico (Figure 11). This site does not
document water temperature and was therefore only utilized for air temperature and wind
speed records for the years 2001 and 2003.

FIGURE 10. Location of Apalachicola in relation to St. Joseph Bay, Florida
(Google Earth Imagery)

FIGURE 11. Location of Cape San Blas in relation to St. Joseph Bay, Florida (Google
Earth Imagery)
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2.3

Analysis

2.3.1

Weather Parameter Graphs

All atmospheric data was converted into an Excel file. Spreadsheets were
separated by year and location. The mass hypothermic stunning event of 2010 was the
only one analyzed for Mosquito Lagoon as no other recent events are documented for this
location. Stunning events categorized as either moderate or high in St. Joseph Bay were
selected for analysis. These occurred in January of 2001, 2003, 2008, and 2010.
December 2009 was examined as well to better comprehend the weather patterns
associated with the January 2010 severe cold-stun event. Air temperature was included
both as a minimum and average value per a 24 hour time period. Water temperature, both
minimum and average values, was accessible and consistent for 2009 Apalachicola (St.
Joseph Bay), 2010 Apalachicola (St. Joseph Bay) and 2010 Haulover Canal (Mosquito
Lagoon) only. Wind speed was incorporated into the analysis as an average value per a
24-hour time period. Surface wind direction was categorized into one of four quadrants
after calculating the mode, most frequent, direction per a 24 hour time period (Figure 12).
This parameter was depicted as wind vector arrows with a corresponding value for wind
speed.

Figure 12. Wind direction categories.
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Graphs were generated using Microsoft Excel and Adobe Illustrated to depict
weather parameters defining each cold stunning event. A bold red line at the threshold
value of 10°C can be seen on select graphs, indicating how far water temperature fell
below this value and, importantly, how long it remained below the threshold value.
Additionally, using the cold stun data set retrieved from FWC_FWRI, a bar graph
depicting the number of individual turtles stunned per day of each event was over-laid
onto one weather parameter graph per location and year. This graph was also replicated
using the same turtle count scale for the 2010 event in Mosquito Lagoon to indicate the
varying scales and severity of selected event years. This demonstrates the negative
impact that a particularly harsh winter can have on Florida green turtle populations. Each
graph for the selected events was evaluated to determine why certain years were
classified as moderate or high magnitude for green turtle cold-stun events.
2.3.2

Arctic and North Atlantic Oscillations

Graphs were also created illustrating the fluctuations between negative and
positive phases of the North Atlantic Oscillation (NAO) and the Arctic Oscillation (AO)
during a specified time period. The NAO and AO are typically highly correlated but have
distinct differences (Ambaum et al. 2001). The NAO and AO indexes flip between two
separate modes, positive and negative, that can indicate a shift in atmospheric circulation
(Baldwin and Dunkerton, 1999). A negative phase AO, and often a negative phase NAO,
is associated with an increased likelihood of Arctic cold air maneuvering into the eastern
U.S. If the eastern U.S. experiences a mild winter, it is likely due to a positive phase
NAO (Henson and Gallon, 2011). One notable difference between the two is the NAO
reveals parallels between variability in surface pressure whereas the AO does not
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(Ambaum et al. 2001). These two indexes have yet to be considered as influential
processes that could contribute to a sea turtle cold-stunning event. A daily NAO and AO
index value data set was obtained from the Climate Prediction Center website. A daily
index value corresponds to patterns specific to each oscillation. While this data set
records a daily index value from 1950 to 2013 for both oscillations, only 2000-2013 was
examined for this study. An analysis of each graph produced will illustrate the phase of
each oscillation during a hypothermic stunning event.
2.3.3

NCEP Reanalysis Data Composites

Data composites were generated using NCEP Reanalysis Data from the Earth
System Research Laboratory web interface. The NCEP/NCAR Reanalysis project is a
joint effort between the National Centers for Environmental Protection and the National
Center for Atmospheric Research. By using historical data, 1948 – present, new
atmospheric analyses can be constructed for both past and present atmospheric states
through this data assimilation system. By entering the specific day of a severe
hypothermic stunning event and then viewing several days prior to the event, it can be
determined where individual parameters originated and precursor patterns can be
examined. NCEP/NCAR Reanalysis maps were created for the duration of the cold stun
event for the following severe event years: 2001 and 2010. A moderate event year, 2003,
was also included for comparison purposes. The variables air temperature and vector
winds were analyzed for anomaly plot types. Sea surface temperature was inconsistent
for the selected years and could therefore not be included. The differences between the
magnitude days were documented as well as any major departures from the average.
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2.3.4

NDBC and FWRI Temperature Data Comparison

Additionally, a comparison was drawn between recent data collected from a
sensor deployed by FWRI in St. Joseph Bay to NDBC’s Apalachicola buoy, where
archived data was obtained for this research, to determine whether or not Apalachicola
was an adequate proxy for St. Joseph Bay. Water temperature data was collected in St.
Joseph Bay by a sensor during January and February of 2012 at 5 minute intervals. Gaps
exist in both records, most likely due to satellite interruption or corrupt data. Average
water temperature values for a 24-hour period were calculated for both, followed by the
difference between the two values per day.
2.3.5

Standard Event Pattern Composites

After receiving feedback from community partners, the results were used to
develop a basic sea turtle cold-stun event composite. This composite was generated using
NCEP Reanalysis for surface air temperature anomaly and a 500 millibar (mb)
geopotential height mean on ‘high magnitude days’. Geopotential height is the height of a
pressure level above mean sea level. These values naturally decrease from the equator to
the poles (personal communication, Charles Paxton, September 2013). High magnitude
days are those in which a considerable number of marine turtles, 80+, were rescued from
hypothermic stunning. The following dates were selected to generate a forecasting
paradigm: January 9, 11-13, 2010 and January 3-4, 2001.These days were identified from
the cold stun event data set obtained from FWC/FWRI. The composite weather patterns
will serve as analogs for future forecasts for mass cold-stunning events.
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Chapter 3:
3.1

Results
Weather Parameter Graphs

The graphs produced for selected cold-stun event years proved very telling in
terms of the effect atmospheric variables have on shaping a moderate or severe green
turtle stunning event. Graphs were analyzed in the following order: 2001, 2003, 2008,
and 2009/2010.
3.1.1

2001 St. Joseph Bay

A severe hypothermic stunning event occurred from January 1st until January 12th,
with over 400 marine turtles involved. Minimum air temperature dropped into the
negatives on January 2nd and 3rd, and again on the 10th (Figure 13). Turtles were rescued
beginning on the 1st, with the majority (N = 238; 60%) cold-stunning between the 2nd and
5th (Figure 14). Minimum air temperature steadily rose to 12.7°C on January 8th. Between
the 6th and 9th, 88 turtles were rescued. Most likely this number is attributed to still
intolerable water temperatures, even though air temperature was increasing during those
few days. Minimum temperature fell again to -1°C on the 10th and 32 turtles were
recovered. Average air temperature demonstrated a similar pattern as the minimum value,
although never dropping below 3°C and peaking on the 8th at 15.3°C (Figure 15). Only
19 turtles were salvaged during the final two days of the event when air temperature, and
likely water temperature, began escalating again. During the first four days of January, a
northerly wind was present with wind speeds between 2.5 and 4.4 ms-1 (Figure 16). This
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pattern was also evident from the 8th through the 10th. Wind speed peaked on the 8th at 5.9
ms-1.

FIGURE 13. January 2001 St. Joseph Bay minimum air temperature with daily number
of cold-stunned sea turtles that were rescued

FIGURE 14. January 2001 St. Joseph Bay minimum air temperature with sea turtle coldstun numbers on maximum scale used for Mosquito Lagoon 2010
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FIGURE 15. January 2001 St. Joseph Bay air temperature and wind speed

FIGURE 16. January 2001 St. Joseph Bay air temperature and wind data including
surface vectors for the duration of the hypothermic stunning event
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3.1.2

2003 St. Joseph Bay

A short, moderate hypothermic stunning event occurred between January 25th and
27th. During this time period, 42 green turtles were found that exhibited symptoms of
cold-stunning. An abrupt drop of over 20° C in air temperature between the 22nd and 24th
is likely the cause of this event (Figure 17). Minimum air temperature reached -5.9°C on
the 24th, dropping from 16.3°C just two days prior. Twenty-two turtles were rescued on
the 25th, 18 turtles on the 26th and only 2 turtles on the 27th (Figure 18). Minimum air
temperature increased just as rapidly as it dropped and was already up to 6°C by the 27th.
A variable pattern for both air temperature and wind speed is depicted on figure 19
throughout the month. Northerly winds defined the duration of this cold-stun event with
relatively low wind speeds averaging around 2.8 ms-1 (Figure 20).

FIGURE 17. January 2003 St. Joseph Bay minimum air temperature with daily number
of cold-stunned sea turtles that were rescued
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FIGURE 18. January 2003 St. Joseph Bay minimum air temperature with sea turtle coldstun numbers on maximum scale used for Mosquito Lagoon 2010

FIGURE 19. January 2003 St. Joseph Bay air temperature and wind speed
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FIGURE 20. January 2003 St. Joseph Bay air temperature and wind data including
surface vectors for the duration of the hypothermic stunning event
3.1.3

2008 St. Joseph Bay

A moderate hypothermic stunning event was recorded throughout most of January
of 2008. Turtles were recovered starting on January 3rd, up until the 23rd. The majority of
cold-stunned turtles (N = 89; 65%) were rescued on the 3rd and 4th. Minimum air
temperature fell below zero to -4°C on the 3rd and then rose to 2.6°C the following day
(Figure 21). Air temperature, both minimum and average values, remains above 3°C for
the next 14 days and doesn’t fluctuate a great deal. During these two weeks, 27 turtles are
recovered. With the exception of the 9th, 12th, and 17th, at least one individual turtle is
rescued per day (Figure 22). Minimum air temperature drops into the negatives; -0.7°C,
again on the 20th and 19 turtles were found on the 21st. The final two days of the event
saw a drastic temperature increase up to almost 14°C and only 3 turtles were recovered
between the 22nd and 23rd. An uneven pattern in terms of wind direction and speed
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occurred throughout the month. Wind speed reached 6 ms-1 at the very beginning of the
month and again towards the tail end (Figure 23).

FIGURE 21. January 2008 St. Joseph Bay minimum air temperature with daily number
of cold-stunned sea turtles that were rescued

FIGURE 22. January 2008 St. Joseph Bay minimum air temperature with sea turtle coldstun numbers on maximum scale used for Mosquito Lagoon 2010
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FIGURE 23. January 2008 St. Joseph Bay average air temperature and wind data
including surface vectors for the duration of the hypothermic stunning event
3.1.4

2009 St. Joseph Bay

While December 14th-31st was not marked by a cold-stun event, it was graphed as
a supplement for better understanding of the 2010 mass hypothermic stunning event that
occurred in St. Joseph Bay. Water temperature begins a steady decline on December 17th
through the 23rd (Figure 24). A slight increase is observed on the 24th and 25th before
minimum water temperature falls below the 10°C threshold on the 30th. Minimum and
average air temperature display a similar pattern to water temperature; however the rate
at which air temperature decreases is much faster (Figure 25). Wind speed remains
somewhat consistent, averaging between 2 and 6 ms-1 up until the 28th, where it peaks at
10.4 ms-1. Wind direction is variable throughout the selected dates but originates from
either the north or west during days where air and water temperature are decreasing.
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FIGURE 24. Late December 2009 St. Joseph Bay minimum air and water temperature

FIGURE 25. Late December 2009 St. Joseph Bay average air and water temperature
with wind data (speed and surface vectors)
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3.1.5

2010 St. Joseph Bay

The January 2010 hypothermic stunning event was, to date, the largest and most
destructive on record. St. Joseph Bay was one of two focal points of this rare event,
where over 1700 marine turtles cold-stunned and stranded over an 8-day period from
January 7th through the 14th. Water temperature fell below the 10°C threshold on January
3rd and remained below that level for 15 consecutive days (Figure 26). The lowest
recorded water temperature was 5°C on the 11th, which is the documented lethal value for
green turtles (Schwartz 1978). On this day, 444 turtles were recovered from the bay. Prior
to this day, 818 turtles had already been retrieved and re-located for rehabilitation (Figure
27). Minimum air temperature hovered around 0°C for the first week of January before
plummeting to -3.7°C on the 11th. The final few days of the event featured water
temperatures still below 6°C, barely positive air temperatures, and approximately 487
cold-stunned turtles. The minimum water temperature did not return above the threshold
value until the 18th of January. The minimum air temperature demonstrated a rapid
increase away from negative values to 12°C on the 16th over a period of just 3 days. A
similar considerable ‘jump’ in value is also apparent for average daily air temperature
(Figure 28). Wind speed averaged between 2 and 4.5 ms-1 at the start of the month,
spiked on January 9th at 5.7 ms-1, and then dropped again to between 2 and 3 ms-1 for the
remainder of the cold-stun event. The extent of this record event was characterized solely
by northerly winds (Figure 29).
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FIGURE 26. January 2010 St. Joseph Bay minimum air and water temperature with
daily number of cold-stunned sea turtles that were rescued

FIGURE 27. January 2010 St. Joseph Bay minimum air and water temperature with sea
turtle cold-stun numbers on maximum scale used for Mosquito Lagoon 2010
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FIGURE 28. January 2010 St. Joseph Bay air temperature, water temperature and wind
speed

FIGURE 29. January 2010 St. Joseph Bay air temperature, water temperature and wind
data including surface vectors for the duration of the hypothermic stunning event
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3.1.6

2010 Mosquito Lagoon

Mosquito Lagoon on the Atlantic coast of Florida was the second focal point of
the severe 2010 event. Almost 2500 sea turtles were involved in the event at this location.
Minimum and average water temperature remained below the threshold value for 12
consecutive days, while turtles were found for 10 days. Minimum water temperature
dropped below the 10°C threshold on January 4th and turtles began cold stunning on the
6th (Figure 30). Minimum values for air temperature demonstrated an abrupt drop from
12°C to 3.3°C in just 4 days from January 1st to the 4th. During the first two days of this
event, Florida rescue agencies already had 279 turtles to care for. Rescue personnel
gained a very brief respite in terms of the scale of this event on the 8th and 9th when only
an additional 123 individuals needed rehabilitation. This is due to a significant increase of
over 6° C in both average and minimum air temperature from the 7th to the 8th and a
simultaneous slight ‘bump’ of 1.1° C in water temperature. Both parameters fell again to
an extreme low for minimum water temperature on the 11th at 3.9°C. Average water
temperature on this day was only 5°C (Figure 31). Air temperature was 0.7°C on the 10th.
The majority of sea turtles involved in this event, approximately 1,900 individuals, were
recovered between the 11th and 13th of January. An additional 89 turtles were found on
the 14th, which concluded the 2010 event in this location. Minimum water temperature
values had gradually climbed to 8°C on the 14th and extended above the threshold on the
16th. Air temperature, both minimum and average, displayed a rapid increase beginning
on the 12th and reaching warmer values again on the 16th. The duration of this event was
accompanied by either northerly or westerly winds (Figure 32). The only exception
occurred on the 8th when a southerly wind direction was present. Wind speed was also
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noticeably low on this day at only 2.8 ms-1. Maximum wind speed reached 6.4 ms-1 on
the 10th.

FIGURE 30. January 2010 Mosquito Lagoon minimum air and water temperature with
daily number of cold-stunned sea turtles that were rescued

FIGURE 31. January 2010 Mosquito Lagoon air temperature, water temperature and
wind speed
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FIGURE 32. January 2010 Mosquito Lagoon air temperature, water temperature and
wind data including surface vectors for the duration of the hypothermic stunning event
3.2

Arctic and North Atlantic Oscillations
The Arctic and North Atlantic Oscillation index values were graphed in Excel for

January 2000 to March 2013 in order to determine if significant positive or negative
values were associated with selected cold-stun event years (2001, 2003, 2008, and 2010).
The oscillation index values are normalized by the standard deviation so no units exist on
the following graphs. The North Atlantic Oscillation index did not have any documented
extreme values, either positive or negative, during event years. The graph depicts a
normal fluctuation pattern between positive and negative values for the time period
analyzed, with a few unique spikes (Figure 33). Negative values were recorded for the
month of January for all four event years but were not extremely negative. A notable
negative value of -3.25 occurred in December of 2002, which may have made a slight
contribution to the cold-stun event of January 2003.
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FIGURE 33. Normalized values of North Atlantic Oscillation 2000-2013
The Arctic Oscillation revealed a more influential pattern, particularly in terms of
severe cold-stun event years. For both 2001 and 2010, extreme negative values were
recorded throughout the month of January (Figure 34). The lowest negative value of the
decade occurred in January of 2010 at -5.3. The index did not record positive values until
March of that year (Figure 35). January of 2001 also reported low negative values around
-4 (Figure 36). Similar to the North Atlantic Oscillation, December of 2002 is also low
into the negatives while January of 2003 is only slightly positive. This time series extends
up until March of this year (2013) and very low negative values are already being
reported, demonstrating a pattern similar to 2010.
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FIGURE 34. Normalized values of Arctic Oscillation 2000-2013

FIGURE 35. Normalized values of Arctic Oscillation October 2009-December 201
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FIGURE 36. Normalized values of Arctic Oscillation October 2000-Decemeber 2001

3.3

NCEP Reanalysis Data Composites

Daily composites generated by NCEP illustrate the origin of the cold air mass that
eventually made its way into Florida during the unprecedented winter cold snap of 2001
and 2010. January 2003 did not reach record-breaking cold temperatures but was
included nonetheless as a comparison measure against the severe winters of 2001 and
2010. As atmospheric cold snaps in Florida are often associated with high winds, vector
wind was another important variable examined.
3.3.1

December 2000/January 2001

January 1st marked the beginning of the cold-stun event of 2001. Two days prior
were viewed as well as the extent of the event, which lasted until January 12th. On
December 30th, a large cold air mass, originating from Canada and Northern Alaska, was
already descending into Florida. Low temperatures were concentrated along the
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panhandle before sinking into south Florida on January 1st and 2nd. On the 1st day of
January, surface air temperature demonstrated an approximate -14° deviation from the
normal based on the contour interval. The cold air mass lingered on the Florida peninsula
until the 5th before moving offshore. Although the marine turtle cold-stunning event
lasted until the 10th, only minor anomalies were present on surface air temperature
composites from the 6th forward. A northerly wind flow developed in the high latitudes of
Alaska or Canada before traveling across the US and bearing down on the Florida
peninsula (Figure B1). Throughout the duration of the cold-stun event, wind vectors were
facing west and between an 8 and 12° deviation in normal wind patterns is evident on the
1st – 6th of January.
3.3.2

January 2003

Composite plots for January of 2003 display a cold air mass similar in size to the
January 2001 anomaly tracking into Florida from Northern Canada on the 23rd (Figure
A2). By the 24th, cold air had descended through the rest of the state with a -10° deviance
from normal surface air temperature patterns. While the air mass is similar in size to that
of 2001, the contour interval is on a lesser scale. Also unlike 2001, this system did not
remain in place for long and had moved away from the peninsula by the 26 th. A second
cold air anomaly is evident on the composites beginning on the 25th but never extends
into Florida. The moderate classification of 2003 cold-stun event can be attributed to the
short duration of this cold air mass and lack of extreme temperature anomalies apparent
in 2001 and 2010. Surface winds lack the force that can be seen in the 2001 and 2010
plots from the abnormally high deviation (Figure B2). As the cold front system is shortlived, so are the prevailing winds. Vectors are facing mostly either south or southwest.

55

3.3.3

January 2010

The anomaly plot type showed abnormal temperatures surrounding Florida on the
3rd of January (Figure A3). The system appeared to develop in either Alaska or Northern
Siberia and traveled down the US before settling over the panhandle on the 6th. By the 7th,
the first day turtles were rescued from St. Joseph Bay, an approximate -15° deviance
from the normal surface air temperature is present on the composite plot. Extreme
temperature anomalies are visible for the following 4 days, culminating in a -18°
deviance on the 11th. The system maintained its strength for 9 days since arriving in
Florida and finally dissipated to the east on the 14th of January. The wind occurrences
during the several days surrounding the worst part of the cold-stunning event were
approximately 10-12 ms-1 deviated from usual patterns (Figure B3). Winds appear to
strengthen as the system travels across the U.S. before settling near Florida. During
January 9-12 the system was hovering just offshore from Florida on either side of the
peninsula with wind vectors facing primarily to the west. It appears that these windy
conditions were initiated from the area of southeastern Alaska.
3.4

NDBC and FWRI Temperature Data Comparison
The NDBC Apalachicola buoy was found to be a fairly decent proxy for St.

Joseph Bay in terms of average daily water temperature. The time period analyzed for
this comparison was from January 4th, 2012, when the FWRI transmitter was deployed
until February 15th, 2012 when it was retrieved (Table 4). All difference values
highlighted in red indicate a greater than 2 °C difference between the two stations.
Throughout the time interval, 10 days display a >2 °C difference and only 4 days display
a difference of >3 °C. The first and final few days of the time period show the largest
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difference values, with the middle values in very close agreement. The FWRI shallow
water station appears to cool faster at the onset of a cold front than the Apalachicola
station before the two even out. Average values for the St. Joseph Bay station also drop
much lower during a cold front, which contributes to the high difference values.
TABLE 4. Daily water temperature comparison between NDBC’s Apalachicola station
and FWC_FWRI’s St. Joseph Bay transmitter
Date
Apalachicola buoy
St. Joseph Bay
Difference °C
daily avg. °C
buoy daily avg. °C
1/4/2012
1/5/2012
1/6/2012
1/7/2012
1/8/2012
1/9/2012
1/10/2012
1/11/2012
1/12/2012
1/13/2012
1/14/2012
1/15/2012
1/16/2012
1/17/2012
1/18/2012
1/19/2012
1/20/2012
1/21/2012
1/22/2012
1/23/2012
1/24/2012
1/25/2012
1/26/2012
1/27/2012
1/28/2012
1/29/2012
1/30/2012
1/31/2012
2/1/2012
2/2/2012
2/3/2012
2/4/2012
2/5/2012
2/6/2012
2/7/2012
2/8/2012
2/9/2012
2/10/2012

13.1
12.8
13.8
14.1
14.8
15.6
15.9
16.1
16.4
15.7
14.8
14.4
14.1
14.1
14.9
14.7
14.7
No data
No data
No data
17.1
17.5
18.2
17.8
17.3
16.5
15.4
14.9
14.9
15.3
15.9
16.5
17.0
17.3
17.6
17.4
16.9
16.5

9.5
11.2
13.2
14.8
16.1
17.2
17.8
16.3
16.4
13.8
10.6
11.8
13.2
14.9
16.2
14.8
15.2
16.4
17.0
18.1
18.2
19.3
19.8
18.2
16.6
15.5
14.6
15.2
16.1
17.2
18.8
18.9
19.8
19.8
19.1
18.8
15.7
15.1

3.6
1.6
0.6
0.7
1.3
1.6
1.9
0.2
0
1.9
4.2
2.6
0.9
0.8
1.3
0.1
0.5
NA
NA
NA
1.1
1.8
1.6
0.4
0.7
1.0
0.8
0.3
1.2
1.9
2.9
2.4
2.8
2.5
1.5
1.4
1.2
1.4
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Table 4 (continued)
2/11/2012
2/12/2012
2/13/2012
2/14/2012
2/15/2012

3.5

16.2
14.3
13.0
12.6
13.3

18.6
8.4
9.2
10.8
12.9

2.4
5.9
3.8
1.8
0.4

Standard Event Pattern Composites
It was necessary to determine typical daily patterns that were associated with

severe hypothermic stunning events in terms of cold air movements and wind flow. On
the days designated as ‘high magnitude’, a mass of unstable, abnormally cold air
developing from the high latitudes is pushed southward into Florida (Figure 37). As can
be seen, surface air temperatures could drop into the extreme negatives. Geopotential
height contours are typically aligned with wind flow patterns as seen in figure 38, where
a flow directly into Florida can be seen for high magnitude days (NCEP Reanalysis).

FIGURE 37. Surface air temperature composite anomaly for high magnitude days
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FIGURE 38. 500mb Geopotential height composite mean for high magnitude days
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Chapter 4:

Discussion

Marine turtle hypothermic stunning events can vary in severity depending on the
atmospheric patterns that are present. This study provides a clear indication that the
variables air temperature, water temperature, wind speed and direction can all measurably
influence an atmospheric cold snap that could result in a hypothermic stunning event.
4.1

Analysis of atmospheric variables
By examining in situ air and water temperature, it is clear that these two variables

are the primary driving force behind the shaping of a green turtle cold-stun event, either
moderate or severe. Air and water temperature are intimately related in the two study
locations, represented by a 0.87 correlation value for January 2010. Therefore, for years
when water temperature was intermittent or unavailable, inferences were drawn from air
temperature patterns as to why certain events were classified as moderate or severe. In
the case of January 2001, negative air temperatures were likely followed by a rapid
decrease in water temperature well below the 10°C threshold. It is also probable, given
the 12-day duration of the event that water temperatures did not recover to a tolerable
range until 2 or 3 days prior to the end of the event, thus generating severe cold-stunning
effects. Conversely, January 2003 received a moderate classification due to its very short
extent and resulting low numbers of disabled turtles. Although, air temperature did fall
into the negative values, it warmed up substantially within just a few days in this case.
Because both air and water temperatures were accessible for both study areas in
January 2010, a comprehensive conclusion can be reached. Unlike 2003 atmospheric
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patterns, air and water temperature did not drop abruptly but rather displayed a slow,
steady decline. Upon reaching the threshold value, water temperature continued to drop
reaching lethal values for green turtles. Many comparisons can be seen between the two
severe events of 2001 and 2010. While water temperature was not archived for 2001,
Foley et al. (2007) reported values between 5 and 6°C for the first few days of January.
January 2010 values were similar in St. Joseph Bay and even lower in Mosquito Lagoon.
The duration of these two events was also similar, although 2010 was slightly more
prolonged in terms of intolerable temperatures. Air temperature trends were vastly
different between the two years, particularly since January 2010 never experienced
negative values. While 2001 was considered a massive cold-stun event; it doesn’t quite
measure up to the sheer scale of 2010 based upon turtle numbers and the duration of
temperatures below the threshold value.
An analysis of wind direction revealed that the north and westerly surface winds
were by far the most influential in the formation of a cold-stunning event. In the case that
a southerly wind is present during an event, as occurred during 2010 Mosquito Lagoon, a
brief warm-up for both air and water temperature occurs, resulting in fewer cold-stunned
sea turtles in need of rehabilitation. Wind direction is an essential variable to be aware of
in the case of a rescue initiative following a cold-stun event. A cold-stunned, disabled sea
turtle will float to the surface and be subject to the wind and current. Rescue personnel
can utilize wind direction measurements from buoys to assist them in locating stranded
turtles.
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4.2

Formation of a hypothermic stunning event
The Florida STSSN should be alerted of certain patterns that have contributed to

the development of past events as analyzed in this study. Beginning on a broad scale, the
two severe events examined can be connected to extreme negative values of the Arctic
Oscillation. As evident in the NCEP data composites, a cold air mass will likely form
over Alaska or Canada and travel across the U.S. before arriving in Florida. The cold air
will typically impact the panhandle first before descending throughout the rest of the
state. Depending on how long the mass of cold air lingers in Florida, as many as several
thousand sea turtles could be impacted by abnormally cold temperatures. Such cold air
masses are usually associated with high wind speeds and north or westerly facing surface
vectors.
On a more local scale, shallow areas such as St. Joseph Bay and Mosquito Lagoon
will be affected by a cold front system much more abruptly than offshore, deeper
environments. Water temperatures could begin to cool as soon as air temperatures start to
drop and just several hours could be the difference between tolerable and fatal
temperatures for green turtles in shallow water environments. A combination of freezing
air, high wind speeds, and north or westerly vector winds could result in water falling
temperatures well below 10°C. In order to circumvent a possible repeat of the chaos
associated with the 2010 cold front, results suggest that ecosystem managers be made
aware of a developing cold air mass in the northern latitudes and begin to prepare staff
and required equipment. This requires a dependable connection between the NWS
forecasting and the Florida STSSN. Agencies such as FWC now have the capability to
monitor water temperature fluctuations but cannot predict duration of cold temperatures,
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the most pivotal characteristic of cold-stun events (personal communication, Dr. Allen
Foley, October 2013). Similar to hurricane forecasting, percentages of impact and
multiple track possibilities of a cold air mass can be highly beneficial. Such precautionary
measures can ensure that in the case of a severe cold-stunning event, green turtle
mortality rates can be kept at a minimum. Preemptive action can also provide better
organization during an event, which can allow for increased sampling methods and
tagging efforts.
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Chapter 5:

Conclusions

Previous research supports the idea that only very favorable conditions will shape
a cold snap that can strike Florida, given the rarity of such an event. Generally, cold
snaps are a succession of cold fronts which can circulate for up to five days and typically
last for two or three days. Water temperatures will cool with each day a cold snap lasts
and can drop rapidly if the cold snap is severe. Strong winds and a resulting high wind
chill factor are frequently associated with cold snap formation. Results from this research
demonstrate that frigid air temperatures, resulting low water temperatures, high wind
speeds, and north or westerly prevailing winds will produce a cold snap that could stun
sea turtles.
This study supports the research conducted by Schwartz (1978) that green turtles
will begin to show symptoms of cold-stunning at 10°C and die of hypothermia under 6°C.
It is convenient for rescue agencies that 10°C has proved to be a reliable threshold value
even 30+ years after Schwartz’s original experiment. If water temperature falls below this
level for longer than 12-24 hours, it is very likely that green turtles will be found coldstunned (personal communication, Dr. Allen Foley, October 8, 2013). Longer durations
below this threshold temperature will result in more severe cold-stunning events, similar
to the 2001 and 2010 event. Other marine turtle species, like loggerheads and Kemps
ridleys that are more aggregated in deeper water, will also begin to cold-stun if prolonged
cold temperatures impact offshore waters. Also consistent with Schwartz’s findings,
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results suggest that the severity of an event has little to do with how rapidly water
temperatures drop after exposed to frigid air temperatures.
It is important to develop a forecasting strategy or model in conjunction with the
NWS to achieve the utmost level of preparedness for a future cold-stun event. Once a
model or strategy is created, an efficient mechanism for relaying such information to
Florida agencies is needed. While it is expected that forecasts can change abruptly, lag
times in communication can be detrimental to sea turtles and other marine species that
rely on rescue personnel, adequate space and equipment in the event of a prolonged cold
spell. Familiarity with atmospheric patterns that could or have contributed to hypothermic
stunning events, as shown in this study, can ensure improved forecasting and response
times, as well as minimal damage to the green turtle population.
5.1

Limitations and Future Work
A primary limitation of this research was data availability. While the NDBC data

for nearby regions were accessible, a continuous water temperature-monitoring buoy has
yet to be deployed in St. Joseph Bay. Data was retrieved from a nearby buoy in
Apalachicola. It was also a challenge to locate historical data for both study areas. It was
necessary to gain insight into past documented cold-stun events back to 2001.
Unfortunately, water temperature was not archived for either study area until 2004. This
required generalizations based solely upon air temperature. Atmospheric data was not
consistently available from just one web interface per location. It was necessary to utilize
multiple web interfaces, which could have led to inaccurate data.
Another study limitation was the fact that trends in juvenile green turtle
populations throughout the region are not defined. These fluctuations could be a pivotal
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factor influencing the number of turtles rescued during a hypothermic stunning event
(personal communication, Robert Hardy, October 2013). The data set retrieved from
FWRI contained limited information as cold-stun events are not designed to perform a
population assessment. The priority of these events is to rescue and rehabilitate
individuals and then to release them when water temperatures have exceeded the
threshold value.
This study has multiple future implications. Sea turtles are certainly not the only
species that can fall victim to cold stress. As previously mentioned coral reefs can
quickly die off from cold temperatures. Mass strandings due to hypothermia have also
been documented in several marine mammal species such as dolphins and manatees. The
cold snap of January 2010 resulted in a record number of manatee deaths in Florida.
Similar to the simultaneous sea turtle cold-stun event, the magnitude was related to the
unusual duration of cold-water temperatures. A total of 480 manatee deaths were
recorded from January to April 2010, with the majority (N=252) of manatees’ determined
cause of death documented as cold stress (b et al. 2011). The methodology utilized in this
research can be improved upon and applied to analyze such events for other endangered
or protected species. It would also be beneficial to compare buoy data to archived
satellite data for sea surface temperature (SST). It is possible with satellite data to derive
SST and other variables from virtually any location at specified time increments. Such
accuracy would be useful in gaining exact temperature records for St. Joseph Bay and
Mosquito Lagoon rather than utilizing alternate locations as a proxy. As a continuation of
this research, the methodology could be extrapolated to other species of sea turtles that
are less impacted by extreme temperature drops in shallow environments as in deeper,
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offshore waters. It would be interesting to determine the time interval between when
shallow water bodies fall below 10°C and when deeper waters begins to cool. Remote
sensing techniques would be necessary for that objective.
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Appendix A: Surface Air temperature composites
Figure A1: Surface air temperature composite anomaly Dec 30-Jan 12, 2001
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Figure A1 (continued).
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Figure A1 (continued).
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Figure A2. Surface air temperature composite anomaly January 23-29, 2003
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Figure A3. Surface air temperature composite anomaly Dec. 30, 2009– Jan. 16, 2010
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Figure A3 (continued).

80

Figure A3 (continued).
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Appendix B: Vector Wind composites
Figure B1. Vector wind composite anomaly December 30- January 12, 2001
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Figure B1 (continued).
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Figure B1 (continued).
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Figure B2. Vector wind composite anomaly January 23-28, 2003
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Figure B3. Vector wind composite anomaly January 5-16, 2010
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Figure B3 (continued).
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Appendix C: Permissions
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